We examined the influence of salivary pH on the corrosion of two base-metal alloys. Cobalt -chromium (Co -Cr) and nickelchromium (Ni -Cr) alloy samples were created and submerged in artificial saliva of different pH values (pH 4, pH 5 and pH 7). The amount of each ion present in solution 1 month later was measured by flame atomic absorption spectrophotometry. Statistical analysis showed that pH significantly affected total and Co ion release, but not Ni or Cr ion release. The alloy type did not affect total ion release, but was significant for Cr ion release. Alloy -pH interaction significantly affected Cr and total ion release. To prevent metal particle release, the alloys used for dental restoration should, whenever possible, be made from noble metals and corrosion-resistant alloys.
Introduction
A key requirement of dental restoration is aesthetic stability. Dental alloys used in restorative practice are known to be susceptible to varying degrees of tarnish on prolonged exposure to the oral environment. 1 This tendency to tarnish is often attributed to chemical or electrochemical corrosion. 1, 2 Corrosion may be described as the deterioration of materials by aggressive action of the environment (atmosphere and oral fluids), 3 and the oral environment is conducive to corrosion. Fluctuations in temperature, presence of moisture, dietinduced changes in pH, variations in oxygen pressure and decomposition of food all contribute to this process. 2, 3 Corrosion is said to be continuous in the mouth because ions are removed by abrasion from food, liquids and toothbrushes. 3 The aim of modern corrosion testing is to determine -qualitatively and quantitatively -the chemical solubility of metallic trace elements originating from dental alloys. 4 In vitro electrochemical techniques have proved to be sensitive enough to measure even a low corrosion rate, are quick and convenient, and are now used by many researchers. 3 Nickel -chromium (Ni -Cr) dental casting alloys were developed as an alternative to gold-based alloys for partial dentures and crowns, in part because of their superior properties in porcelain-fused-tometal applications. Ni -Cr alloys now account for the majority of clinical prosthetic restorations. 5, 6 We aimed to evaluate the effects of changes in salivary pH on ion release from the base-metal alloys cobaltchromium (Co -Cr) and Ni -Cr, and calculate the degree of corrosion in different environments.
Materials and methods

CREATING THE SAMPLES
A metal master model 5 mm in diameter and 3 mm thick was used to prepare the study materials. Using a putty-wash impression method to provide standardization, an impression of the master model was taken using Optosil-Xantopren L ® ( The sample casts were left to cool and the oxide layer and residual investment on the cast surface removed using the Minipol ® sanding tool (Bego). Each sample (the sprues of which were cut) was polished with 360grid emery, cleaned in acetone in an ultrasonic cleaning tool, washed twice with distilled water and dried.
EXPERIMENTAL PROCEDURE
Each sample was placed in a plastic vessel containing 15 ml of artificial saliva at one of three different pH values (Modified Meyer's solution, pH 4; Fusayama solution, pH 5; and Ringer's solution, pH 7). The containers were stored in a water bath at 37°C for 1 month.
The quantity of metal ions released into solution (measure of corrosion) in each container was determined using a flame atomic absorption spectrophotometer (Shimadzu AA670, Shimadzu, Japan). These measurements were taken three times and the mean value calculated.
STATISTICAL ANALYSIS
Results were calculated as the mean ± SD. Variance analysis was used for the biometric evaluation. The multi-comparison (Duncan's) test was used to determine if there was any significant difference between the ions released at each pH. A P-value < 0.05 was considered significant.
Results
The results of atomic absorption spectrophotometry are shown in Table 1 . There was no significant difference in total ion release (data for all three pH values combined) between the two alloys (F = 1.17, df [1, 29] ). The pH value, however, had a significant (P = 0.028) effect on total ion release, as fewer total ions were released at pH 5 compared with pH 4 and pH 7 (F = 4.176, df [2, 29] ).
Chromium is present in both alloys so its release gives an indication of the effect of the alloy on ion release. Overall, more Cr was released from the Ni -Cr alloy (data for all three pH values combined) compared with the Co -Cr alloy, and the effect of alloy on Cr release was significant (P = 0.001, F = 14.824, df [1, 29] ).
Alloy -pH interaction was found to be significant (P = 0.000 and P = 0.01, respectively) for Cr ion release (F = 16.217, df [2, 29] ) and total ion release (F = 5.596, df [2, 29] ).
Analysis of the individual ions released at the different pH values shows that pH was not significant for Ni and Cr ion release, but significantly (P = 0.000) fewer Co ions were released at pH 5 compared with pH 4 and pH 7 (F = 59.559, df [2, 14] ).
Discussion
Corrosion resistance is one of the most important factors in determining the choice of metals/alloys to be used in the oral environment. 2, 7 These materials must be 
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S Denizoglu, Z Yeşil Duymuş, Ş Akyalçin Evaluation of ion release from base-metal alloys inert and should not produce any corrosion products which might harm the human body or the metallic structure itself. 2 Corrosion in the oral environment is often initiated by differences in oxygen concentration, with local oxygen concentration cells being set up. Leakage of metal ions occurs close to the metallic restoration, causing a metal ion concentration cell, and resulting in passive film pitting corrosion. 8 Such corrosion of dental alloys may have biological, functional and aesthetic effects.
The corrosion process releases metal ions, which may then come into contact with cells and tissues in the immediate environment, or be distributed throughout the body (mainly via the intestinal canal). 3 If these ions are not biocompatible, injury may occur (risk of toxicity and sensitization) if they are absorbed in sufficient quantity. 3, 9 In vivo penetration of elements into hard and soft tissues of the oral cavity has been reported 10 and, in some patients, corrosion products may induce adverse effects such as oral mucosal lesions, allergy, and a salty or metallic taste in the mouth. 11 Potential differences exist between dental restorations, especially when they are made of different kinds of alloys. 12 Base-metal ions can induce biological interactions that may have carcinogenic, cytotoxic and allergic effects. 9, 13 Ni and Cr exposure, for example, predisposes to a high incidence of respiratory cancers. These ions are common sensitizers and can provoke immune reactions independent of dose. Co can also induce sensitization, and excessive intake may cause cardiomyopathy. Boron (Bo) and Si (both ingredients of the Co -Cr alloy), are also toxic, whereas Mo and Fe are not. 8 The literature reports that, due to their toxicities, zinc, copper and cadmium may be the cause of hypersensitive reactions, allergic contact stomatitis in the mouth and generalized dermatitis. 14 Moffa et al. 15 carried out a study to determine the intra-oral response to Nibased alloy by patients known to be allergic to Ni. All sensitized patients reacted positively to NiSO 4 . Jacobsen 16 demonstrated that Ni concentrations as small as 2.5 mg/ml were toxic to human gingival cells in tissue culture, while in another tissue culture study, this time using fibroblasts, the cytotoxic effects of Ni-containing dental alloys were demonstrated. 17 The different behaviours observed with the various dental alloys can be explained by their mechanism of corrosion resistance. 18 Noble metals (gold and palladium) have good resistance to corrosion because of their low reactivity (due to the noble nature of the atoms). Base metals (such as aluminium, chromium and titanium) however, have a great affinity for oxygen, and form a thin passive oxide film that acts as a protective layer against oxidation and corrosion. Alloys with chromium in their formulation must contain a minimum of 12% of this element to achieve an adequate passive film. 19 Gold alloys have been ascribed a high degree of corrosion resistance, but copper, silver and gold from gold alloys have been found in artificial saliva. 20 Variations in alloy bulk compositions affect the formation and composition of the surface oxide layer of as-cast alloys. 21 -23 Alloys containing a high amount of Cr (16 -27%) and a minimum of 6% Mo exhibited a uniform oxide layer that provided resistance to corrosion. Conversely, alloys containing lower levels of Cr, Mo and/or beryllium did not exhibit homogeneous surface oxide layers and were susceptible to accelerated corrosion. 21 -24 Lewis 25 reported minor decreases in bulk Cr levels of a Ni -Cr alloy after five repeated castings, but concluded that this change was not likely to affect the corrosion properties. 21, 22, 26, 27 Ni -Cr alloys are known to be corrosion-resistant. 28 Sarkar and Greener 7 used electrochemical measurements to show that nickel-based dental alloys are active in Ringer solution, and the results from two Ni-based alloys in their study suggested similar behaviour. Other studies have shown increased corrosion in alloys with a Cr content lower than 16%. Some influence of the amount of Mo and Mn on corrosion was also indicated; the number of alloys with different compositions in this study was not, however, large enough to establish such a relationship. 29 The fact that different elements are released from all samples in different amounts in our study is, as reported by Sherwood, 30 the result of electrochemical phenomena determined by the structure of the metals and by the saliva acting as an electrolyte.
Release of elements from Co -Cr alloys, both in vitro and in vivo, has been reported, 12 and Ni and Cr from Ni -Cr alloys have also been found in artificial saliva. 29 In vitro dissolution studies on some Co -Cr alloys have shown that only minor amounts (less than 0.2 parts/million) are liberated to artificial saliva over a 2-month period, 29 and the results from our study agree with this data.
Park and Shearer, 31 found the concentration of Ni in 0.05% sodium chloride solution to be three times as high as that of Cr for the stainless steel (18% Cr, 8% Ni) orthodontic brackets they tested.
The amount of Ni in human saliva ranges from 0.8 -4.5 µg/l. 32 In an in vitro study, Newman et al. 33 stored an Ni-based alloy in human saliva for 1 week and found an increase in the Ni concentration in the saliva of 10 3 µg. The release of Ni was calculated to be approximately 4.2 µg/cm 2 per day.
Several studies have shown that basemetal alloys can release Ni and Be as a result of corrosive activity at various pH levels. 22, 34, 35 The effect of a constantly reduced pH on elemental release from Nibased alloys has been reported to increase Ni release. 22, 36 The effect of reduced pH on highnoble and noble alloys (especially newer formulations developed in the past decade), however, is not well documented and the effect of more transient changes in pH on element release is not known. In the mouth, alloys may be exposed to transient pH changes, either from foods or plaque. 36 Previous studies support the idea that composition of the alloy surface is critical to the elemental release behaviour for high-noble, noble and base-metal alloys. 21, 37 It is possible that the alloy surface also plays an important role in the interaction of a reduced pH solution; for example, lack of polishing may increase micro-porosity, although no evidence is available to support this idea.
The dynamic nature of intra-oral conditions extends beyond a simple reduction in pH. Dental alloys are subjected to a variety of chemical environments due to foods and disease states. Alloys also experience mechanical disruption from occlusal forces and tooth brushing. The role of these dynamic conditions on the release of elements from alloys is virtually unknown, but it has been indicated that they are important. 38 In summary, our study determined that Ni exhibited the highest level of ion release and Cr the lowest level. Alloy type, pH and alloy -pH interaction each affected the degree of release of one of the ions and/or total ion release. We conclude that to prevent the release of metal particles, the alloys used for dental restorations should, whenever possible, be made from noble metals and corrosion-resistant alloys.
